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SECTION   I 

INTRODUCTION 

[ 

:; 

This initial technical report summarizes the research and development 
efforts on Contract No.  N00014-71-C-0044..   This program is directed 
toward the attainment of high average powers at a wavelength of 0. 532 
microns, with a short pulse,  high repetition frequency format.    The 
program's objectives are to be achieved by utilizing a high average 
power CW Nd:YAG laser combined with electro-optic Q-switching 
techniques and mode-locked pulse injection as a source of 1. 065 micron 
power to drive a nonlinear crystal.    Both well known and new materials 
are to be investigated in order to achieve high conversion efficiencies. 
Damage and the thermal failure of materials is an area of special 
concern in this program. 

Our approach to the generation of high average second harmonic powers 
has been to develop a high average power 1.065 microns source which 
emits its output in a high repetition frequency high peak power format. 
We have accomplished this by utilizing the Holobeam developed 1000 watt 
CW Nd:YAG laser in conjunction with a unique electro-optical Q-switch- 
ing technique combined with the injection of ultra-short pulses from a 
CW mode-locked Nd:YAG laser. 

In order to optimally utilize the multitransverse mode output from this 
laser we have emphasized the utilization of 90°   phase-matching non- 
linear materials for conversion of the 1. 065 micron radiation into its 
second harmonic.    Since the well known materials barium sodium 
niobate and lithium niobate have exhibited rather low damage thresholds, 
and potassium dideuterious phosphate does not 90     phase match, we have 
explored in some detail the use of a new material, cesium dideuterium 
arsenate. 

It has been demonstrated that cerium dideuterium arsenate is an 
efficient second harmonic converter when used in the 90°   phase- 
matchin* direction and operated at the phase-match temperature of 
approximately 100oC.    In excess of 25% conversion has been demon- 
strated for multimode polarized up conversion from 1. 06;i to 0. 53p 
in a one cm length (single pass).    It has further been shown that 
efficiencies in excess of 40% for a single pass can be expected in a one 
cm length of this material when greater mode-locking enhancement is 
utilized.    No surface damage has been observed at non-mode-locked 
power densities of up to 300 mw/cm2.      1.8 watts average green 
output power has been observed at a repetition rate of 100 pps and 
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7. 2 watts average green output power has been observec at 800 pps 
utilising this technique.   The effeet on conversion efficiency of crystal 
heating due to fundamental absorption has been clearly demonstrated. 

A base problem inherent in "high efficiency" frequency doubling 
materials has been discovered which seriously limits the use o   some 
^f these materials,  such as barium sodium niobate. to the relatively 
unimportant role of providing efficiencies of only a few Pe-ent smgle 
pass at low power densities.    This basic problem La a saturation effect 
which can cause the frequency doubled output to limit or actually 
decrease as a function of increasing power density at phase-match 
temperatures and at conversion efficiencies of about 12% single pass 
for a 5 mm length and power density of 10 mW/cm2.     It is believed 
hat this saturation effect is in reality a two-photon absorption process 

wherein one photon at 1. 06^   and one photon at 0. 53» is absorbed -to 
the absorption band edge at 0. 35^.    Evidence is P""^8^. ^ 
section supporting this conclusion.    It is further »P^^*^* 
two-photon absorption process may be the basic cause of the surface 
dlLage seen with barium sodium niobate at the relatively low power 
donsities of one or two mW/cm2   at phase-match temperature. 
(Air Force Contract No.: F 33615-69-C-1841) 

Rarium sodium niobate. lithium niobate. potassium dideuterium 
pho p^arcesium dideuterium arsenate (CD*A) ^a^U beent^ted 
as high average power harmonic generators.    No material has shown 
a single pass SHG efficiency higher than 14% at any power density, with 
the exception of CD*A. when utilizing a high divergence (10 m» 
multTmode pump source in spite of the theoretical difference in basic 
SHG efficiency of a factor of 2000 between barium sodium niobate and 
CD-A (per unit length and unit power density). 

The laser source has been developed to the point where peak powers on 
the order of 5 mW are typical at pulse repetition rates in •*«"■ °f 

800 pps and average power outputs in excess of 80 wat s.    This represents 
pulse energies of 100 mj/pulse.    The mode-locking pulse injection 
svstem is able to provide SHG enhancement of up to a factor of 5 
although the efficiency of 25% mentioned earlier was at an ennancement 

of only 3. 
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SECTION   11 

LASER   SYSTEM 

The Laser system utilized in this development program is an eight stage, 
single ellipse,  krypton arc lamp pumped Nd:YAG laser which has produced 
an output in excess of 1100 watts C. W.  at 1.06 microns with an input 
power of 48 kilowatts.    The laser developed under a Holobeam internally 
supported program,   contains 8 Nd:YAG rods,  each of which are \" in 
diameter and 3 inches loig.    Each stage contains one rod,  a single 
ellipse and a    .ngle pump lamp which is capable of an input power of 6kW. 
In the interest of a reasonable lamp lifetime,  a maximum input of 5k\V 
is normally utilized which provides an output for all eight stages of 
between 760 and 800 watts.    Output curves are shown in Figure2-1. 

The typical beam divergence at 800 watts is 15mR, although a beam 
divergence of 5mR was obtained at an output power of 500 watts,   utilizing 
a slightly modified "ersion.    The overall dimension of the laser head 
chain is 4 inches x 4 inches x 62 inches. 

2. 1        Q-Switched Operation 

The problems associated with "Q" switching a continuously pumped 
Nd:YAG laser are primarily caused by an induced thermal optic 
birefringence which becomes more severe as the pumping power 
and presumably the C. W.  output power is increased in any given 
system.    This birefringence in most cases eliminates or at least 
severely limits the utilization of a Pockels cell as the "Q" switching 
mechanism due to the basic requirement that the laser must be 
internally polarized.    We report here on a technique which utilizes 
this birefringence as an output coupling mechanism for a C. W. 
pumped laser which has both a high gain and a high coupling 
coefficient between states of polarization,  that is,  a high degree of 
birefringence. 

We have measured the single pass gain of the system at a pump 
level of 5kW/lamp by inserting a one-half watt C. W.  beam from 
another YAG laser after removing the mirrors from the main 
system.    The measured output was 8 watts,implying a single pass 
small signal gain of 16 and a double pass gain of 256 which is 

2-1 



CM 

pi 

o 

I 
B 
ii 

3 

0.' 

a 

3 

CO 
0/ 

9 
u 
I 

I 
o 

(st*DM) indino d3MOd 

:: 
2-2 



HOLOBEAM. INC. 

consistent with the empirically determined optimum output coupling 
of 65%.    In other words a 35% reüecting output mirror has been 
found to provide the highest output in the C. W.   case.   As an 
additional check on round trip gain,  a single surface of a quartz 
wedge that had been A. R.  coated and checked for a reflectivity 
of less than . 2% was used In place of the normal 35% R output 
mirror and threshold lasing was achieved at RkW/lamp implying 
a total round trip gain of greater than 500. 

With round trip gains of this magnitude most normal techniques 
for "Q" switching a C. W.  YAG laser such as an acousto-optical 
cell are inappropriate since the highest depth of modulation 
achieved in such a device utilizing quartz as the active medium 
is only on the order of 50%.    A mechanical Q-switch is also 
inappropriate due to the high rotational speeds that would be 
required.    We therefore decided that a Pockels cell was the only 
way we could achieve the switching times,   repetition rates and 
depths of modulation necessary,  and we have in fact devised a 
means to accomplish this. 

Figure 2-2 depicts schematically the method utilized to separate 
one of the states of polarization.    Item A is the end of the last 
rod in the laser system.   Item B is a 90o polarizing prism oriented 
in such a way that the hypotenuse of the right triangle shown is 
at 18° to the optic axis through the laser.    Item C is a 100% 
reflecting mirror at 1. 06 microns and is placed normal to the 
reflected beam. 

Surface "A" of the prism has been multi-layer coated for an "S" 
wave reflectivity of 73% at 18° to the optical axis and a "P" wave 
transmission in excess of 99%.    This means* that portion of the 
beam which is reflected is essentially totally polarized.    The output, 
beam exits through the prism and is within a few degrees of normal ' 
to the exiting surface so that an A. R.  coating is used effectively 
on that surface as well as on the third surface.    Let us consider 
an unpolarized beam exiting from the laser rod.   As the beam 
strikes the polarizing surface,  that portion which corresponds 
in polarity to the '*?" wave passes through the prism without loss. 
This power represents 50% of the total available.    That portion 
of the beam which corresponds to the 'S" wave is split by the 
proportion of 27 to 73 so that 27% of the S wave passes through 
the prism also.    Therefore a total of 63j-%,  which, again,  is totally 
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polarized in the S direction,   .s reflected from the 100% mirror 
and directed back to the polarizer,   at which point 27% passes 
through the polarizer and 73% is reflected back into the laser. 
This 73% represents only about 26|% or in other words 73% of 
36|% of the total power emitted originally.    Therefore the laser 
effectively has an output mirror reflectivity of only 26|%.    Now, 
to recap the distribution of power  in this device,  assume a total 
umpolarized power emitted from the ena of the rod of 1, 000 
watts.  Six hundred thirty-five watts will be emitted in the primary 
beam (Po^,   98. 6 watts will be emitted in the secondary beam 
(Pog) and 266. 4 watts will be returned to the laser.    All of this 
266 watts is polarized in the S wave direction as it initially 
enters the laser rods.    However as the beam passes through 
the rods and is amplified it encounters strong birefringence and 
by the time it has made the complete round trip through the laser, 
the beam polarity is again totally scrambed or unpolarized and 
at a power level equal to the original 1, 000 watts.    In operation 
we have observed slightly over 600 watts C. W.  out in the primary 
beam (Po^ and 95 watts out in the secondary beam (P02) at normal 
input power.    If we block the S wave leg of the split beam the 
laser stops emitting since there is no reflecting surface normal 
to the beam.    Therefore if we place a second polarizer oriented 
in such a way as to create a crossed polarizer condition in the 
S wave leg,  we also completely stop the system from lasing.   We 
now have an ideal situation for inserting a Pockels cell between 
the crossed polarizers.   If we operate   the cell in the pulse voltage 
on condition,  in other words if we apply a half-wave voltage to the 
cell,  the system will läse. 

Figure 2-3shows the apparatus used to accomplish "Q" switching 
using this technique.    The letter A denotes the prism, the letter 
B denotes the Pockels cell, C is the second polarizer (a coated 
plate),   D is the 10u% reflecting mirror,  Po/j) is the primary 
output beam and Po^) is the secondary output beam. 

A single surface polarizer was obtained from Valpey Corporation 
which utilized a multilayer dielectric coating to provide a 
separation of the two states of polarization intracavity.   The 
polarizer is basically a 90° quartz prism with the polarizing 
surface applied on the hypotenuse.    The other two surfaces are 
A. R.   coated for 1.06 microns since a beam is emitted from 
both surfaces.    The prism must be set in the system at an angle 
of incidence of 72° with respect to the optical axis through the 

2-5 



O a: 
0) 

o 

o 

W 

CM 

W 

Ü 
1—1 

bJ 

o 
2-6 



m HOLOBEAM, INC. 

laser.    A single max reflectivity mirror was aligned with the 
reflected beam.    The characteristics of the polarizer are such 
that only 36% of the total power incident on the polarizer is 
reflected,  although 99r,. of this reflected power is polarized. 
The remainder exits from the prism as the primary output beam. 

After the reflected beam strikes the max R mirror it is returned 
to the polarizer again at which point 73% is reflected back into 
the laser.    (The other 27% exits from the laser as a secondary 
beam).    This means that the effective output reflectivity is only 
27%.    For maximum CW output this reflectivity should be on 
the order of 40%.  The beam that is returned to the,laser is totally 
polarized;  however, by the time the beam has made the round 
trip through the rods and consequently gained in power,  the 
returned beam is totally unpolarized due to the thermally 
induced birefringence typical of CW pumped Nd:YAG.    Therefore, 
as the beam reaches the polarizer it is again split with only a 
part of one polarity reflected so that 36% of the total goes to 
the mirror which of course starts the process all over again. 
The primary output beam passes through the polarizer and has 
two linearly polarized components.    The vertical component 
contains 82% of the total power out.    Since the low signal gain 
of the laser is very high,  on the order of 250 times round trip, 
there is no need for an output mirror. 

In operation,  the polarizer has shown no tendency to damage. At 
5kW input to each lamp,  an output power of 600 watts has been 
observed in the main beam 82% vertically polarized.    The second- 
ary beam has been measured at up to 90 watts horizontally 
polarized and in operation is discarded. 

Since there is no real output mirror but instead a polarized 
beam reflected off the surface of the polarizer and incident 
on a max reflectivity mirror,  a second polarizer is placed in 
this leg and oriented so that it is crossed with respect to the 
first polarizer.    This of course cuts the laser off since there 
is no feedback mechanism.   However, a Pockels cell placed 
between the crossed polarizers with a half wave voltage applied 
does allow the system to läse,  thereby allowing the system to 
be Q-switched.     (See Vig.  2-3). In practice a 12kW positive pulse 
having a rise time of 30ns and lasting for approximately ] 
microsecond is applied.    The first Pockels cell utilized a KD-P 
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crystal immersed in trichloroethylene.    The output pulses 
(see Figure 2-4) has a modulation superimposed on the 
main pulse and had an energy per pulse of 120mJ.   The pulse 
widths were on the order of 30ns for a peak power on the order 
of 4MW.    The repetition rate was increased to 600 pps at which 
point the fluid in the area of the beam and at the surface of the 
KD*P crystal began boiling.    After replacing this fluid with a 
Dow Corning silicon oil (DC 200-5) and replacing windows the 
system operated well at up to 200 pps,  however it was obvious 
that the fluid immersion technique would not be useful at high 
repetition rates due to heating.    In addition it was found that 
the Pockels cell pulse electronics was inadequate in terms 
of pulse rise time,   voltage capability and repetition rate since 
all three items degraded at repetition rates in excess of 
800 pps. 

In the course of measuring the pulse output characteristics it 
was realized that the modulation seen on the pulse was in fact 
quasi-self mode-locked with a natural frequency of 77 MHz 
which corresponds to the  c/2L mode of the laser system. 

2. 2        Mode-Locked Injection Technique 

In order to obtain maximum second harmonic generation 
efficiency with the smallest possible crystal size it is desirable 
to increase the peak power output of the system to as high a 
level as possible.    The technique which we have proposed and 
incorporated has demonstrated theoretically and experimentally 
that substantial increases in peak power can be achieved. 

2. 2.1      Mode-Locked Injection System Description 

The peak power enhancement technique makes use of 
a continuous mode-locked Nd.YAG laser as a source of 
very short pulses which are injected into the cavity of 
the main high power laser, acting as seed pulses from 
which the Q-switched output can grow rather than from 
the natural laser fluorescence.    The pulse injection is 
accomplished by sharing the output mirror of the CW 
mode-locked system with the front termination reflector 
for the main laser, as diagrammed in Figure 2-5   . 
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FIGURE 2-4 

SINGLE TRACE OF Ö-SS'ITCHEP OUTPUT FROM SERIES 
2500 a-STAGE LASER SYSTEM SHOWING TYPICAL 
SELF-MOPE-LOCKING TENDENCY AT 77 MHz 

HORIZONTAL SCALE - 20 NANOSECONDS/DIVISION 
VERTICAL SCALE (APPROX.) - 5MW/DIVISION 
TOTAL ENERGY = 150 MILLIJOULES 
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A compromise reflectivity between the 90% optimum for 
the mode-locked system and 100% optimum for the main 
laser is utilized.    With no voltage applied to the Pockels 
cell the horizontally polarized beam from the mode-locked 
system passes through the prism polarizer with a 
negligible portion (less than 1%) reflected into the high 
power system.    In the ideal circumstance in which the 
Pockels cell is switched rapidly,  in a time short compared 
with the time between mode-locked pulses,  and with 
perfect synchronization one mode-locked pulse with a 
width of less than 200 picoseconds and an energy of 
approximately 3 x 10"8 joules is injected.    If this 
amount of energy is adequate to completely dominate 
the natural fluorescence of the system,  a condition 
which is met in practice,  the Q-switch laser pulse will 
emerge with an energy essentially identical to that for 
the pure Q-switched condition but having the form of a 
pulse train consisting of narrow pulses separated in time 
by the round trip transit time of the main laser.    An 
actual pulse photograph is shown in Figure 2-6    .    The 
envelope of this pulse train has a width approximately 
equal to the pure Q-switched pulse.   Neglecting saturation, 
the secono harmonic generation process can be enhanced 
by factors of greater than 10 to 1 by this technique.   Our 
system has demonstrated a 5 to 1 ratio,  the discrepency 
being due previously to the imperfect electronic switching. 
In the implementation of this technique we have made 
use of both an open loop and a closed loop CW mode- 
locking system operating at 77 MHz,  coincident with the 
round trip transit frequency of the main laser.    The mode- 
locking system utilizes phase modulation, accomplished 
by means of a barium sodium niobate crystal,  with 
electronics circuitry to provide closed-loop control of 
the modulator driving frequency so as to maintain perfect 
synchronization with the laser cavity frequency.    A 
description of the closed loop mode-locking system developed 
independently by Holobeam,  Inc. can be found in the appendix. 
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2. 2. 2       Experimental Results 

The closed loop mode-locking electronics was completed 
and tests indicated that an output of 2 watts stably mode- 
locked at 77MHz could be obtained.    The Series 250 
complete mode-lock system was installed parallel to 
the Series 2500-8 stage laser according to the diagram 
in Figure 2-7 .    After resolving some coating problems 
with quartz windows obtained from Isomet Corp.  a dry 
Pockels cell was designed and constructed utilizing 
highly deuterated KD:;tP obtained from Isomet since tests 
had shown this material could withstand in excess of 
800 watts CW without overheating.    In operation it was 
found that although there was some feedback from the 
Q-switched laser,  the closed loop mode-lock system 
could mode-lock the Q-switched pulses reliably at 
repetition rates of up to 1000 pps.    However the pulse 
energy fell off above 800 pps due to lower pulse voltages 
on the Pockels cell above that rate     The output energy 
per pulse was maintained at between 100 and 110 mj 
(see Figure2-8),  however the pulse envelope width was 
somewhat longer during mode-lock operation possibly 
due to a slow rise time on the voltage pulse to the 
Pockels cell. 

2. 3        Switching Electronics 

In order to produce optimum mode-locked pulse injection the 
Pockels cell should switch in a time short compared with the 
pulse-pulse separation and at a time accurately synchronized 
with the mode-locked pulse train.    The thyratron pulses used 
in our initial experiments were borrowed from our low power 
CW laser system and had a switching time of approximately 
30 nanoseconds.    No synchronization was possible.    In spite of 
this we could obtain stable mode-locked enhanced second 
harmonic generation.    However, the observed 5:1 enhancement 
ratio was a factor of three worse than we should be able to achieve. 
We believe that this is due to incomplete injection,  the mode- 
locked pulse being unable to dominate the fluorescence from the 
high power amplifier. 

We have made some attempts to improve the switching speed of 
the electronics by using a different thyratron and better circuitry 
but have not tried the new switch in our SHG experiments. 
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SECTION   111 

NON-LINEAR MATERIALS 

One of the major areas of concern in this program has been the selection 
and optimum utilization of a non-linear material which will yield high 
conversion efficiencies at high average po vers from a multi-transverse 
mode laser. 

3. 1 Nonlinear Crystal Survey; 

Since we recognized at the onset of the program that any non- 
linear crystal used to generate the 0. 533 micnn second harmonic 
of the 1. 065 micron laser fundamental in Nd:YAG must be optic- 
ally transparent at both wavelengths,  many materials were pre- 
cluded as primary candidates.    As the program proceeded,  only 
those non-linear crystals showing less than one percent absorp- 
tion at 1. 065 per centimeter were considered.    Our own special 
technique for measuring 1.065 absorption (as described in para- 
graph 3. 2) was utilized in making this selection.    From materials 
so tested, onlv five major choices remained which showed less 
than 1. % cm'K   Since both peak and average power levels 
encountered by these crystals are highest at 1. 065 microns, 
the selection of nonlinear materials for use in our experiments 
was predicated upon lowest absorption at that wavelength, 
with secondary emphasis placed upon their absorption at  the 
second harmonic. 

Listed below in Table I,  are the five materials which were given 
serious consideration in order of their degree of nonlinearity. 

0 
D 
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TABLE   I 

NONLINEAR CRYSTAL SELECTION 

PHASE-MAT 
LARGEST NONLINEAR ANGLE AND 

MATERIAL POINT GROUP COEFFICIENT (-=) TEMPERATl 

Ba2Na NbsOis mm.2 d32 = 41.  +4. 90° @ 1050C 

LiNb03 3m d31 = l4-±2- 90° @ 1650C 

LilOg 6 d31 = 11> 1 2 29o50, @ 250( 

KD2P04 42m d36 = 1.0 1 0' 1 39057, @ 250( 

CsD2As04 42m d36 = 0.55 + 0.05(1) 90° @ 101 0C 

(*)    relative to d36   for KD2P04 

(1)    Measured valve may be in error due to improper crystal growth. 
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Thus far,  CsD2As04   has given us the highest overall conversion 
of 1. 065 micron output into average 0. 533 micron second harmonic 
power.    This is somewhat peculiar,  since it has the smallest 
degree of nonlinearity of all materials listed above.      The two 
major factors which limit SHG conversion efficiency in 
Ba2NaNb5015   and LiNbOs   are thermal runaway due to the 
poorly understood nonlinear heating effect at phase match,  and 
the nonlinear catastrophic damage phenomenon,  also poorly 
understood.    Both LiI03   and KD2P04   are limited by the large 
angular walkoff between the second harmonic and iandamental 
Poynting vectors,  precluding the efficient use of long crystals. 
Essentially CsDgAsC^   is the only remaining choice which 
combines the advantage of 90-degree phase-matching angle 
and inherently greater angular acceptance with minimal self- 
heating due to nonlinear thermal effects.    Curiously at high 
power levels actual SHG conversion efficiencies observed in 
these materials have varied roughly inversely,  rather than 
directly with the magnitude of their nonlinear coefficients. 

3. 2      Optical Absorption Measurement 

In our past experience we have found very few optical materials 
that have withstood average 1.065 micron power densities 
beyond 25 kilowatts/cm2   when placed in the hign power output 
beam of our CW Nd:YAG system.    Fused silica,  undoped YAG 
and diamond are the only materials which have shown little 
or no lensing effect due to thermally-induced refractive index 
distortion at this wavelength.    All other materials,  including 
all nonlinear crystals tested, have shown significant thermal 
lensing.    Therefore it became imperative to develop a technique 
for measuring relatively small residual absorption in non- 
linear crystals,  first to determine whether they would survive 
high average power levels at 1. 065 microns,  and secondly to 
aid in predicting the degree of phase mismatch resulting from 
thermally-induced nonuniformity across the input beam diameter. 
For this purpose we developed a successful technique based 
upon balancing the heat generated within a polished crystalline 
sample with a known amount of cooling developed by a Peltier 
junction device held in intimate contact with the crystal under 
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11 

vacuum conditions such that no other heat loss by convection 
took place. 

The actual construction of the Peltier device is shown in the 
accompanying photography    Figure 3-1 & 3-2.The base is 
machined from a special aluminum extrusion which clamps to 
our standard optical rail,  and also serves as the hot junction 
heat sink for the Peltier cooler.    The thermoelectric element 
itself consists of a doubly cascaded pair of semiconductor 
elements sandwiched between two aluminum plates and is 
configured to provide uniformity of temperature across the 
top cold junction plate.    The unit was purchased from the 
Cambridge Thermionic Corporation as their Model 3955-1,  which 
was selected for efficient operation at low current input levels, 
and because the top surface dimension of 1/2 inch coincided 
with the approximate side face dimensions of most crystals 
tested.    The outer case is sealed with  /acuum-tight fittings 
and incorporates an opposite pair of do jbly antireflection- 
coated fused silica windows centered with respect to the axis 
of our Series 250 CW Nd:YAG system.    A vacuum exhaust 
port permits hookup to a vacuum pump through a vacuum needle 
valve and liquid nitrogen cold trap.    Additional vacuum sealed 
electrical feed through connections are provided to the Peltier 
cooler and to internal calibration terminals.    A teflon shroud 
is placed beneath the top plate of the cooler for extra stray 
light shielding,  and a gold-plated copper plate is placed atop 
the cooler to reflect away any spurious scattered light from 
the surfaces of the crystal under examination.    A pair of 
Yellow Springs Instruments Corp.  #44005 thermistor beads 
were used to record thermal equilibrium by inserting one at 
the top plate of the Peltier cooler in a drop of Wakefield 
Engineering Corp.  zinc oxide impregnated silicone grease and 
the other into a hole drilled into the bottom aluminum block. 
A sensitive mercury battery driven Wheatstone bridge was 
used in conjunction with a Keithley Model 150B microvolt- 
ammeter to record null condition at room temperature. 

A first trial run was conducted with a polisned 1.0 cm     of best 
quality fused silica.    A ten-watt 1. 065 micron beam derived 
from a multimode CW Nd:YAG source was transmitted through 

II 
II 
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a 1. 5 millimeter aperture stop,  then through the Peltier cooler 
assembly evacuated to less than 10"5mm.  Hg.,  which contained 
the sample.    The exit beam was captured by a Coherent Radia- 
tion Labs.  Model 201 CW power meter,   and the laser was peaked 
to provide 10. 0 watts.    The Kcithley microvolt-ammeter was 
quickly driven off-scale by absorption within the Si02   block. 
A small amount of current was then fed to the Peltier cooler 
to re-establish the previously set null point on the micro- 
voltmeter.    It was found that 3. 6 milliamps of cooler current 
restored null,  and that adequate sensitivity could be maintained 
at other laser power input settings using Si02   as a low 
absorption check. 

A full calibration of the Peltier cooler under 10"  mm Hg 
vacuum conditions was then made utilizing a specially prepared 
aluminum block with a 100-ohm carbon resistor embedded 
within it.    Heat,  measured as the I R loss to the calibration 
resistor,  was offset by the Peltier cooler current,  and the 
calibration curves shown in Figure 3- 3 were recorded for the 
three different Simpson milliameter ranges used in later 
measurements. 

Subsequent tests were performed on several specimens of 
nonlinear crystalline materials.   Table IIshows a complete 
list of test results obtained with a transmitted power at 1. 065 
microns of 10.0 watts under identical conditions.    After each 
crystal was examined for its total heating effect upon the 
gold-plated copper plate,  a teflon spacer ring was inserted 
under the crystal to thermally isolate it from the Peltier 
cooler.    A second run was then made under vacuum conditions 
to ascertain what fraction of the total heating effect was due 
to combined internal Tyndal scattering and residual scattering 
from the polished crystal aperture faces.    This contribution 
due to scattering was then subtracted from the original total 
heating term to yield a net figure for the absorption of a given 
length sample.    The last column in Table Ilshows the re- 
normalized absorption for each sample per centimeter length. 
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Tablelll is a consolidated listing of percentage absorption per 
centimeter length    averaged over one or more measured 
specimens for each nonlinear crystal tested.    With the 
exception of KDgPO^  the average deviation from one sample 
to another was relatively small.    The one sample of KD2PO4 
which showed significantly lower absorption came from a 
different vendor than the others and is believed to be of 
higher dcuteration. 

3. 2. 1       Transmission Data 

We have taken spectrophotometer tracings of CD"A 
and KD*P.    These are shown in Figure   3-4. 
Note that the CD*A sample has a measureably 
larger absorption at 0. 355)i (third harmonic of 
1.065)1). 

3. 3        Phase-Match Temperature and Efficiency of the Arsenates 

A pulsed Nd:YAG laser was utilized to roughly measure the 
phase-match temperature and obtain an approximate efficiency. 
It was also desirable to deterr  ine,if possible,a damage 
threshold level for CDA and CD*A in terms of power density. 
The laser initially used was a 10 pps 3mm diameter system 
capable of 3MW peak power.    It was found that the phase- 
match temperature for CD-A was around 97°   and very 
broad — on the order of +30C.    The efficiency for a power 
density of 50MW/cm2   was 12%.    The phase-match temperature 
for CDA was found to be 39. 90C   and more critical than in 
CD*A.    The efficiency was essentially the same as CD*A. 
Since no damage occurred to either crystal it was decided 
to increase the power density by utilizing a different pulsed 
YAG laser.    This system was capable of an output of 180mJ/ 
pulse operating at up to 5 pps and had a peak power of 20MW 
in a 5mm diameter beam.    For comparison purposes a 2cm 
long KD-P crystal cut for angular phase matching was 
utilized for SHG.    At a power density of 80mW/cm2   the 
KD-P produced an efficiency of 5. 4% (beam divergence was 
on the order of 4mR).   At the same power density a 1 cm long 
CDA crystal was found to have an efficiency of 16% at phase- 
match temperature.    No damage occurred to the crystal so 
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the power density was increased by weakly focusing the beam 
a diameter of 3mm,  yielding a power density of 280MW/cm2. 
No damage occurred with the 1.06 micron radiation alone. 
See Figure 3-5.    At phase-match temperature the efficiency 
increased to 30%.    After operating for several minutes at 
5pps it was found the fluid used in the cell (DC 200-5) was 
breaking down but no damage was seen on the CDA crystal, 
therefore it is concluded that the damage threshold for CDA 
is in excess of 300mW/cm  . 

3.4        CsDgAsC^   Temperature Phase-Matching 

Figure 3-6   is a photograph of the oven configuration used to 
accurately determine the phase-matching characteristics of 
CsD2As04   versus temperature.       The inner split block was 
machined from a copper rod of approximately 460 grams mass, 
and provides uniform heating of frequencydoubling crystals 
1. 0 centimeter cube in size.   A 70-ohm heater winding is 
situated in the outer housing wound around a copper tube 
which transmits heat uniformly to the inner copper block. 
Sufficient teflon insulation is provided between the heater and 
the outer oven housing to form an adiabatic jacket surrounding 
the entire copper interior.    Doubly antireflection coated fused 
silica windows are positioned in air-tight seals at each end of 
the oven assembly.    Electrical heating is provided from an 
automatically proportioning magnetic amplifier which senses 
the central oven temperature by means of an iron-constantan 
probe inserted into the split copper block.    The overall rate 
of heating and the maximum oven temperature can be adjusted 
by proper selection of series ballast resistance. 

Figure 3-7   is an actual trace of the temperature phase-matching 
profile for a 10. 5 millimeter length of CsD2As04    cut for 90- 
degree phase matching with the input laser signal propagating 
parallel to the crystalline (110) direction.    The trace was produced 

D 
0 3-13 



I 

II 

fl 

o 
o 
ro 

O 
m 
CM 

o 
o 

CM 

< 

O   £ 

w 
z 
UJ 
Q 

CE 
O   UJ 
O   5 - o a 

o 
IO 

8? 
o 

aN30a3d)    AON3IOIid3     VQO 

:M4 

z 
o 
»- 

UJ 
CL 
o 

ÜJ 

_i 
D 
OL 

OC 
O 

> 

Ü) 
Z 
UJ 
Q 

01 
UJ 

o 
Q. 

CO 
tE 
UJ 
> 

>- 
Ü 
z 
UJ 
Ü 
u. 

< 
Q 
O 

IO 
I 

CO 

UJ 



; 

a 

(U    0 
CO    OT 
m  cd 

a a, 

Xi as "öi 

-S  o <u 
^ u rt 

<D    g    OJ 

S §13 
coo 
>   nl   aJ 
o S fi 

«5 
•   o H 

0) 

^ 3'1 

■ 



HOLOBEAM. INC. 

-.o- by first allowing the oven temperature to exceed 130 C,  then 
turning off heater power and letting the crystal s1owly cool 
through its   sin2 (,4kl) / Ukl )2   maxima and minima while 

2 2 
subjected to a half-watt, linearly polarized TEM       mput 
beam from a CW NdrYAG laser.    An S-4 cathode photomultiplier 
was provided with a narrow bandpass filter peaked at 0. 533 microns, 
and its anode current fed to a fixed load resistance across the 
Y-channel input to an X-Y recorder.    The X-channel was used 
to monitor temperature by the output from a microvoltmeter 
connected directly to the iron-constantan thermocouple im- 
bedded in the crystal oven.    Only a course adjustment of 
CSD2ASO4   crystal angle was required with respect to the 
input laser beam since its angular insensitivity had been 
verified earlier. 

The resultant curve in Figure 3-7 indicates that the CsDgAsC^ 
sample tested has a central peak situated at 101oC, with a 
half SHG maximum bandwith,ATL, equal to 5. 60C.    Both the 
position of the central maximum with respect to temperature 
and the   half-power temperature bandwidth are strongly depend- 
ent upon the level of deuteration for a given CsD2As04   sample. 
It is therefore very important to run an individual check of 
both these factors for each delivered specimen, especially if 
two or more crystals are to be used in a tandem frequency 
doubling arrangement.    Conversely, these factors can be 
utilized as criteria for judging the level of deuteration, which 
shifts the temperature peak,  and the degree of crystalline 
homogeneity,  which should prove directly related to the 
half-SHG-power temperature bandwidth for a given length 
sample. 
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SECTION IV 

SECOND HARMONIC GENERATION AT HIGH AVERAGE POWER 

We will first present the experimental evidence in chronolcgical sequence 
and then discuss the implications of the data with respect to theoretical pre- 
dictions. 

4, 1     SHG Apparatus and Tests 

The complete system ;it this point in the development program is shown 
in Figures 4-1 through 4-6The SHG oven shown in Figure 4-7and situated 
outside the laser cavity is also a vacuum chamher since the CD*A 
material is very hydroscopic and must be protected against water or 
water vapor.    Two ovens are enclosed in the same chamber since it was 
expected that multiple crystals would be utilized to obtain maximum out- 
put at 0. 53^ .    The first test at full power allowed only the central 
portion of the beam to be incident upon the CD*A crystal at a power 
density of approximately 5mW/cm    without mode-locking.    The mode- 
locking injection increases this power density; however,the improvement 
in peak amplitude is unknown at this time since it has not been possible to 
measure the mode-locked pulse widths accurately.    The output at 0. b3U 
was between 10 and 20 milliwatts with a 5 watt average 1. 06 micron input 
at 100 pps.    The mode-locking enhancement in the green was approximately 
a factor of 3. 

4. 1. 1    SHG with Barium Sodium Niobate 

At this point in time it was decided to attempt to determine if 
another SHG material might be usable.    The highest theoretically 
efficient material obtainable at this time is barium sodium niobate 
which has been shown to damage at power densities of only 1 or 
2mW /cm    when phase matched and producing SHG.    Accordingly, 
a crystal of this material was placed in the chamber in place of the 
CD*A.    The first crystal chosen was a thin section that had been 
used on another program and was of extremely poor quality and 
otherwise unusable.    The power density was slowly increased at a 
low repetition rate and at phase-match temperature to the same 
level used on the CD*A.   No damage occurred and the total green 
output was on the order of 100 mW.   Since no damage occurred it 
was decided that a high quality barium sodium crystal should be 
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risked.    Such a crystal was installed in the oven     At full power in 
(the beam was apertured to 3/16 inch diameter to fill the crystal) 
the total average power at 1. 06^ passing through the crystal was 
6 watts at 100 pps.    At phase-match temperature (920C) the output 
was 0. 7 watts at 0. 53^ without mode-locking.    When the mode- 
locked pulses were allowed to dominate the Q-switched pulse the 
green output decreased to approximately 0. 3 watts immediately. 
To check this effect the temperature of the crystal was taken well 
above the phase-match point (to 1250C) and the mode-locking would 
indeed enhance the output by a factor of 2 to 3.    As the temperature 
on the crystal was allowed to decrease toward phase match, the 
mode-locking was turned off and on intermittently showing a de- 
crease in SHG enhancement as phase-match was approached.    At 
an average output (at 100 pps) of 300 mWthe mode-locking became 
ineffective.    As the mode-locking was introduced a decrease in 
1, 06 micron power was noted with no corresponding increase at 
0. 53^..    (Both the 1. 06 micron output and the 0. 53/^ output were 
being monitored separately. )   As the temperature on the crystal 
was allowed to decrease further toward phase-match an instantan- 
eous decrease in SHG output would be seen as mode-locking was 
introduced; then a further decrease would occur as the temperature 
on the crystal increased further away from phase-match tempera- 
ture.   At the moment the mode-locking was introduced, a corres- 
ponding decrease of power would also occur on the 1. 06 micron 
beam passing through the crystal.    In other words, power was 
being lost by some mechanism inside the barium sodium niobate 
crystal.    At phase-match temperature the unmode- locked average 
output was 0. 7 wattb and the 1. 06 micron average output was'4. 5 
watts (normal output without SHG was 5. 2 watts average).    When 
mode-locking was introduced this output fell to approximately 3. 8 
watts.    Therefore a total power of 0. 4 watts (lost at 0. SSyu  ) plus 
0. 7 watts (lost at 1. 06 microns) or 1, 1 watts was being lost by 
some v  '-nown mechanism.    It was obvious that this power was 
being a^oorbed by the barium sodium niobate crystal since the 
temperature in the crystal would increase dramatically.    To main- 
tain a temperature just above nhase-match it was necessary to re- 
move all heating current from the oven.    The heating from the 
absorption process was sufficient to maintain phase-match tempera- 
ture for 5 to 10 minutes.    Eventually, however,  the temperature 
would finally fall just below phase-match and would then fall very 
rapidly thereafter.    If the crystal temperature were increased 
from below phase-match temperature,  as phase-match was approached 
a thermal runaway would occur taking the crystal temperature 
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through pliasc match and then well beyond.    This phenomenon has 
been noted before and is usually referred to as a temperature 
hangup at phase-match and has been attributed to an absorption at 
0. 53u .    These tests however,  clearly show that it is not asso- 
ciated with absorption at 0. 53^.    since this would not account for 
the instantaneous decrease in 5300oA output when mode-locking 
is introduced.    Instead it appears that it may be due v,o a two- 
photon process causing an absorption at an equivalent of 0, 355^ 
since barium sodium niobate does have an absorption edge in the 
near ultra violet.    This phenomenon may in fact explain why this 
material damages at low power densities when phase-matched and 
the 1. 06 micron beam is small in diameter.    However,  in vivid 
contrast to earlier experiments in CW second harmonic generation, 
no surface damage occurred in these tests with a relatively large 
beam.    However an internal damage spot did appear in the form of 
a series of tiny bubbles,  all in a single plane set at approximately 
30° to the optical axis.    No further tests were performed with 
barium sodium niobate. 

4. 1. 2    SHG with Lithium Niobate 

In an effort to determine if the same effect just described is 
prevalent in other materials,  a crystal of lithium niobate was in- 
serted into the oven in place of the barium sodium niobate.    At the 
same power density and repetition rate as used in the previous test, 
the lithium niobate produced an output of 0. 8 watts average at 
0. 53^   with mode-locking and 0. 3 watts without mode-locking at a 
phase-match temperature (about 200oC).    However by carefully 
measuring the 1. 06 micron output and the 0. 53u  output at phase 
match approximately 0. 2 watts of power were missing,  presumably 
absorbed by the lithium niobate by the same or a similar mechanism 
as in barium sodium niobate.    In addition,  the same effect of 
"hanging up" in temperature as the temperature is lowered past 
phase-match was observed as well as a .hermal runaway in approach- 
ing the phase-match temperature from below phase match.    How- 
ever the effect was far less severe than in "banana".    The power 
density was subsequently increased in the lithium niobate by lightly 
focusing the beam.    The previous power density was SmW/cm 
and produced an efficiency of approximately 14%.    The lens allowed 
the power density to be increased to 100 mW/cm    and the measured 
output at 0. 53^1. was 0. 6 watts with mode-locking and 0  3 watts 
without mode locking.    Therefore,  after increasing the power den- 
s ity by a factor of 20 the efficiency remained constant at approxi- 
mately 14% indicating a saturated condition.    The crystal surface 
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was very lightly damaged after approximately 60,000 pulses at a 
power density of 100 mW/cm    (not ineluding the mode-locking pulse 
amplitude enhancement). 

4.1.3    SI1G with Cesium   Dideuterium Arsenate 

A one cm cube of CD*A was inserted into the oven in place of the 
lithium niobate and brought up to phase-match temperature slowly 
(since another crystal had fractured due to cooling too rapidly in 
another test).    At full power input and at 100 pps the average out- 
put power at 0. 53pr was 0, 7 watts mode-locked and 0. 35 watts un- 
mode locked.    The power density was the same as with lithium 
niobate at 100 Mw/cm  .    During the next series of tests the power 
density was slowly increased to 200 MW/cm   at which point the 
average output power at 0. 5 3pt had increased to 1. 8 watts mode 
locked and 0. 6 watts unmode-locked showing the highest efficiency 
yet obtained,  25% of the polarized output.    The repetition rate was 
slowly increased from 100 pps to 200 pps producing an average 
output of 2. 8 watts at 0. 53^  .    During subsequent tests the repeti- 
tion rate was increased further to 800 pps at which point the 
average output at 5300oA was a stable 6 watts.    By allowing the 
temperature to drift through the phase-match temperarure an out- 
put of 7. 2 watts was observed at 800 pps.    The dilTerence (see 
Fig.  4-8   ) between the efficiency observed at 100 pps (25%) and 
800 pps (12%) can be attributed entirely to the temperature differ- 
ence across the beam within the CD*A crystal caused by the ab- 
sorption of 1.06 microns (See Paragraph 5-2).Only a very llighi 
temperature "hang-up" or thermal runaway was observed at or 
around the phase-match temperature in CD*A indicating far less 
two photon absorption than in barium sodium niobate or lithium 
niobate.    The table in Fig.  4--9 tabulates the results obtained in 
all SHG materials tested. 

4. 1. 4    Improved Mode-Locking Enhancement 

During the course of the previous tests it was observed that when 
mode-locking enhancement was employed the primary effect in 
SHG enhancement was in the center of the beam instead of the 
complete beam as one would expect.    Since the Series 250 mode- 
locked CW YAG laser output beam diameter is on the order of 1mm 
and the Q-switched Series 25C0 laser utilizes 1/4 inch diameter 
rods,  it is possible that the beam ratio is preserved and that in 
fact we are only mode locking the very center of the Q-switched 

I 4-11 



(SiiVM) voocQ iv xndino   aovwaAv 4-12 



LENGTH MATERIAL 
5 

POWEF 

ML.* 

!   DENSIT 

100 

Y IN   m 

M.L> 

tf/cm2 

200 M.L.A M.L>A 

5 mm BaNaNbJD 
5 15 

12% 6% 

5mm LiNb03 7% 14% 7% 12% 

lern CsD2As04 .1% 1% 4% 12% 10% 25% 40%AAA 

2 cm KD2P04 .1% .5% 1.5% 2.5% 

A     LOW    EFFICIENCY    MODE    LOCKED 

AA     HIGH   EFFICIENCY   MODE   LOCKED 

▲ ▲A    EXPECTED     EFFICIENCY    BASED    ON     RESULTS    OF    KD2P04 

■ FIG    RE 4-!) 

D 

i 

TABLE   OF   MEASURED    SINGLE PASS   EFFICIENCY 

OF     SHG     MATERIALS 
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output beam.    In an effort to determine whether this is occurring 
a 5:1 up collimator was installed inside the cavity of the CW mode- 
locked system increasing the injected beam diameter to 5mm.    In 
attempting to evaluate the effect of this larger beam,  the CD*A 
crystal was destroyed,  not because of the mode-locking enhance- 
ment but because a high rep rate high average power beam was 
introduced into the crystal too rapidly causing a thermal strain 
and fracturing the crystal.    Since another CD«A crystal was not 
immediately available, a KD*P crystal (2 cm in length) was in- 
stalled and the enhancement was checked.    Where previously a 
SHG ennanccment ratio of 3 to 1 was typical,  the new enhancement 
ratio f.S 5 to 1.    The KD*P produced an average 0. 53^. output of 
0. 3 Wftts mode-locked at 100 pps and 0. 060 watts non-mode-locked. 
Increasing the repetition rate to 600 pps produced a linear extra- 
polation to 1. 8 watts average power output at 0. 5 3p( . 

4. 1. 5    SHG Experiment Conclusions 

The data presented in this section clearly indicates that cesium 
dideuterium arsenate is the only SHG material studied which has 
any reasonable probability of reaching the basic goals of this de- 
velopment program.    At low repetition rates it is reasonable to 
expect overall efficiences in excess of 50% by utilizing the 5 to 1 
enhancement technique and a 2 cm long crystal at a power cfensity 
(unmode-locked) of 200 Mw/cm2.   At high repetition rates the ab- 
sorption at 1. 06 microns will still present a problem in terms of 
the thermal loading on the crystals and the temperature gradient 
across the beam. 

i 
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SECTION   V 

SOME THEORETICAL CONSIDERATIONS 

We have not attempted in thio first report to present  a   complete 
theoretical analysis of the laser system or the harmonic conversion 
process.    There are, howevei^, several special points which should be 
covered. 

5. 1 Possible Source of Crystal Heating 

The linear absorption of our Ba^NaNb^^ crystals at 1.06|j 
and in the vicinity of 0. 53|j(. 514^ from argon ion laser) has 
been measured,  and the results indicate that these coefficients 
are both much too small to produce the observed crystal 
heating.    Therefore,  some non-linear absorption process must 
be responsible.    Phase-matched third harmonic generation 
followed by absorption of the third harmonic is not possible 
because of the high linear absorption at the third harmonic. 
Phase-matched interactions will grow only if the interacting 
fields can propagate; a strong absorption for any one of the 
fields limits the interaction length such that the energy con- 
verted by the parametric process is negligible.    Thus,  the 
strong absorption at the third harmonic frequency itself 
prevents the phase-matched process. 

When the absorption at the higher harmonic is large,  however, 
a two photon absorption process (e. g. ,  one SH photon plus one 
fundamental photon) is possible.    In this case,   phase-matching 
is not important because there is no traveling wave interaction; 
the photon energy is absorbed throughout the material (as in 
linear absorption). 

To get an idea of the effect of this type of absorption on the 
SHU process,  we will introduce it into the traveling wave 
equations for SIIG.    Since the magnitude of the effect we 
observe is of the order of the SIIG process,  we can use the same 
approximations in the wave equation as those that are used to 
analyze parametric interactions.    Neglecting linear loss,  the 
wave equation becomes: 
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Ik  SL 
dZ 

i (aJn i -kn Z) + C. C. " i-k) n 
(Zj l) (1 

where the subscript n refers to a particular Fourier component 
of the electric or polarization field.    The term PiN-    ■     includes 
only nonlinear terms in the electric field,  the linear term having 
been included in the L.H. S.   Thus, 

,N.L. 
Pn " XEn = dEn   + e E-3   + ' n 

The pertinent term in this expansion for two-photon absorption 
can be obtained from the term in Poyntings Theorem for the 
power expended in polarizing the dielectric: 

Power lost = E ^P 

Substituting from eq.  2, 

(2) 

(3) 

Power r lost =       ^   iuüp   ( X En
2   + d En

3   +   e En
4   + .   .   .) (4) 

Thus, two photon absorption implies a negative imaginary 
coefficient for the fourth power term in the electric field. 
Therefore 

e   =   - i e 'J; 

where  G '      is real. 

Assuming an electric field of the form 

E(Z1i) = E1(Z)el<tt,i"k" kl Z)   +E2(Z)ei(V "k2Z> + C.C. 

11 
0 
I 
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where the subscripts 1 and 2 refer to the fundamental and SH 
fields,   respectively,  and substituting into eqs.  (2) and (1),  we 
get 

d E2 (Z)       i(ai    t -k  Z) 

dZ 
■u 

ik 
9 
c* ?t 

4 112 

\\  Ej2   el^l^"2klZ) 

e   Kuug i -k2Z)] 

Assuming perfect phase-matching for the SHG process,  i. e., 
k2 = 2k.     this becomes 

dE2 

dZ 
=    -i K E 1 a E. E. 

where 
K A    UJ2^od 

a^ 

4k2 

3uj2    Po e 

4k7 

(6) 

(7) 

To simplify the analysis,   we will neglect pump depletion; i. e. , 
assume E^ = const.    This is a good assumption in our case because 
the observed conversion efficiencies were always less than about 
15%. 

Note that the field amplitudes are,   in general,   complex quantities 
and a solution with a phase variation in Z is conceivable.    However, 
if a solution with no phase variation is possible,   it will dominate 
because the gain mechanism will not be divided to drive both 
amplitude and phase.    Therefore,  we will look for a solution with 
stationary phase.    Rewriting Ej as 

E 1 E10   e 
i«Pl Constant 

and still allowing E2 (Z) to be complex,   eq.  (6) becomes 

^   KE^    eH2cp1-n/2) 2 

dZ 1U a ^10     E2 
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This can be easily solved for E, 

J£z 

}t%l 
7(2 r,-^) 

?£■.] /< 

- Jz 

«06 I   KEZ "^ 
tf2<R-^) 

»'(a «P. - ^ )       * 
=   C« 

K    c» 

^£:;<,2 

- z^ c 

Uz<?.- %) 

M. 

£,(*) / - e •«r*2 ?Y2^- ^; 

Thus,  a stationary phase solution does exist with cp2 = 2cp    - n/2. 
This is the usual phase relationship for maximum SHG.     1 

This relationship is plotted below for three different crystal 
lengths,   Z = L 
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E|02    « 

Note that this predicts a saturation in the SH output which is 
independent oi pump power density and crystal length. 

This is in fact quite similar to the saturation observed exper- 
imentally,  except that in some cases, the SH amplitude was seen 
to go through a maximum and decreased with increasing pump 
l' vver.   This may indicate that additional nonlinear absorption 
processes were in effect.    Other possible loss mechanisms are 
absorption by photoinduced carriers or by excited-state absorption. 

(2)    (3) 
In two instances reported in the literature     ' authors have 
concluded that these latter mechanisms were primarily responsible 
for observed nonlinear absorption.    Both experimental situations 
were similar to the one described here.    (In the case of reference 
3, the absorption caused a limitation of SHG efficiency from 
1. 06^ to 5. 3ii in Tellerium.)   In both cases a two-photon absorption 
process produced the carriers or excited states which then acted 
as absorption centers for the fundamental field.    Also,   in both 
cases,  th ? absorption due to these induced carriers or excited 
states wa    shown to be much larger than that due to the two- 
photon pro-ess alone. 
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5.2 Phase-Match Degradation Due to Absorption 

Absorption of laser radiation in the SHG crystal creates a 
temperature profile across the beam region,  making it 
impossible to maintain perfect 90° phase-matching over 
the entire beam cross section.    We have seen this effect using 
-learly both in low power CW SHG with BagNaNb^O^ and high 
power SHG with CsIZ^AsC^.    A calculation of the expected 
degradation in second harmonic conversion efficiency as the 
laser average power is increased is presented here. 

Our experiments were conducted with a square crystal with 
a heat sink on only one side.    We simplify this geometry for 
computation purposes to be an infinite cylindrical crystal with 
heat sink on the entire surface,   with the beam centered on 
the cylinder axis.    We also assume constant power density 
in the beam.    In this case we have a temperature profile over 
the beam. 

T (r) = T0 + 

AT, 

P P 
4 nk 1 + 2Xn R 

U/ 

..2 

(J-V- 

■   T.    -AT c r~2 u). 

where r   = 
ATC = 

P 

P 
k 

distance from crystal beam center 
temperature differential across beam 
Laser power (watts) 

=  absorption coefficient (cm'   ) 
=  termal conductivity (watts     C 1 -1, cm     ) 
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0 
D 

The relative SIIG conversion efficiency as a function of temper- 
ature is G (T),  nominally a sin2 x/x2 form. 

T^0 r        1 P (2a)) - green power   a   /   2Trr G   IT (r)|    d 

For arithmetic ease we assume that 
'Y 2 

G (T) = e     v   2<
T

-
T

M) 

where TM = phase-match temperature 

P(2e.)ap-e-?'2!TA-TM-ATc_Li   j2dr 

Jo V 
Assume T    = T        implying exact phase-match at the crystal center. 

yielding 

P (2Uü) 

P0(2UJ) 

TT 

8 ^n2 

where   AT 

ATM 

AT c 
erf 

2i?r 
i 
"2 2 

rf      2 ^n22   L Tc 
AT 

M 

Ml 

-   full width at 4 maximum 

since AT, 

P0(2Uü)   =   low rep rate (no thermal effect) green 
power 

P(u)) p. 
c       2TT k 

if we define r\ as the low rep rate efficiency 

p ^ - ^ 
AT M erf 

ß 

in* 2 
TT k 

P (uu) ß 
AT 

M 

Since erf (x)—^ 1,  the average^ second harmonic power saturates at 
x->a 

a level 

P (2(1))    =   vA TT 
3 \ i 

max 2X2 
ATM k 

ß 
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1 

e.g. r]   =   0.25 
ATM    =   5.60C 

k     -     0.018 (estimated lor CD*A) watts ^ c  ^ cm 
p     =     0.009 cm"1 _2 
(2a))   =   0.25   (4.7) (5.6) (1.8) x 10 o max 

P (2tt>)   =   13. 2 watts max v 

0.9x 10 

The observed saturation level was approximately 8 watts.    The 
30% disagreement can be explained qualitatively by the fact that 
the crystal had a heat sink on only one side,   causing a larger 
normal gradient.    Further,  the exact mathematical form of the 
phase-match curve should be used in the calculations.    The 
results would also be modified if we took into account saturation 
in the conversion process. 

We conclude from this brief exercise that theoretically we can 
expect to observe a saturation in the average second harmonic 
power,  the saturation level depending linearly on the phase- 
match temperature half width and the thermal conductivity 
and inversely on the absorption coefficient.   Our experimental 
results confirm the calculations,  at least approximately,  and 
give support to our understanding of the limitations on harmonic 
conversion efficiency at high average powers. 

5. 3        Pulse Width Degradation 

A short pulse transmitted through an amplifier with finite band- 
width will suffer an increase in pulse-width.    In order to deter- 
mine the limitations of the mode-locked pulse injection technique 
we will calculate the theoretical pulse broadening which occurs 
in the four-five transits through the high gain CW regenerative 
amplifier. 
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We assume a Gaussian pulse having an amplitude 

f-    =   exp [- *'2] 
propagated through an amplifier medium with complex gain 

G (U)) = exp      j go    [l-jT2 (UJ-Uü0) - T2    (uu-tWy)2]  I 

yielding a new pulse,  obtained by Fourier transformation 

f2 =   J   G (uo) g (Uü) e.i^ da> 

where 

g (uu) Tr.   /^  [" 2v 

2TT1   az 

a t   + j (a)0 -uu) t 

2i 

dt 

exp 
(uu - UJO)' 

a 

yielding 

eg0 eJ^ot 

2       (1 + 4aa0LT2") 
2TI      exp 

2   -i -a(t - g0 T2) 

1 + 4 agoT^     J 

: 

Ignoi-ing the phase term,   we see that the new pulse has a new 
Gaussian shape parameter 

a + Aa a 

1 + 4ag0T2' 

D 
Ö 

Since      _2|_      1 
Afat   =   atomic line width 

1    f)        -4 
and Ti    = 2Z   Mi 2a 2    ■   pulse-width 

2 

ATJ 

T  1 
2 

2^22 
TT ■ 

_ßo  
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For one pass of a 0. 2 nanosecond pulse through the amplifier 
(round trip). g     =   6 

M 
Afat  -   1.6 x 10    Hz 

11 
2 

 L 

2 

2x10 -10 

0.00058 

In 5 transits the maximum fractional increase in pulse-width is 

Ail 
 2 

Tj 
2 

o.oo: 

The effect would be larger for shorter pulses,  but we do not 
anticipate achieving a pulse width shorter than about 0. 12 
nanosecond's in the long 77MHz cavity.    Therefore pulse 
broadening due to the amplifier bandpass can be neglected. 

0 
0 
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SECTION   VI 

CONCLUSION 

From the results of the program thus ft.*' we can conclude: 

1. Mode-locked pulse injection combined with Q-switching in a CW 
high power Nd:YAG laser can be made to function reproducibly, 
creating substantial increases in laser peak power,  which in turn 
yields a substantial enhancement in second harmonic conversion 
efficiency. 

2. We have demonstrated that by using cesium dideuterium arsenate 
we can obtain harmonic conversion efficiencies of 25% to 40% with 
a multitransverse mode laser thi ough the use o0 90°   phase 
matching. 

3. We have demonstrated a saturation in second harmonic avevage 
power resulting from a temperature gradient across the beam due 
to 1.06|i   absorption. 

4. We have discovered what is apparently a fundamental limitation 
in the use of barium sodium niobate and lithium niobate in the 
form of a severe thermal heating at conversion efficiencies 
exceeding a few percent.    E'idence points to two photon absorption 
as the source of this heating. 

5. We have produced 7. 2 watts at 0. 53 microns,  approximately a 
factor of two less than we would have achieved were it not for the 
thermal gradient effects ha the cesium dideuterium arsenate crystal. 
We have obtained this at a laser pulse repetition frequency of 800 pps, 
approximately a factor of five slower than the rate at which the 
laser can be expected to operate with only a slight degradation in 
pulse peak power. 

6. The cesium dideuterium arsenate crystals have been able to 
withstand the peak powers required to yield high conversion 
efficiencies of greater than 50%. 

0 
: 
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The general conclusion that we have reached is that in order to produce 
average powers at 0. 53 microns of greater than 20 watts it will be 
necessary to take steps to alleviate the thermal limitations of the 
harmonic generating crystals.    This can be accomplished through an 
improvement in the materials themselves and the use of mechanical 
techniques which either distribute the thermal loading over a larger 
crystal volume or improve markedly the rate of heat removal.    A 
discussion of these techniques will be presented in the final report. 

It should be possible to obtain an improvement in second harmcnic 
power by approximately a factor of 2. 5 by improving the mode-locked 
pulse injection technique and the polarization characteristics of the 
laser. 

1 
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SECTION   VII 

PLANS FOR THE REMAINDER OF THE PROGRAM 

In an effort to circumvent the thermal loading problem,   a flowing fluid 
cell will be designed to hold two CD*A crystals in series which have 
previously been matched for identical phase-match temperature.    The 
fluid temperature will be controlled and thereby allow the crystals to 
be held at phase-match temperature on all six sides of each crystal. 
This technique should allow a higher repetition rate to be achieved at 
a higher overall efficiency since the heat removal should be at least 
twice as fast as in the present oven.    In addition,  work is continuing 
on a higher repetition rate Pockels cell voltage pulser which should 
allow the system to reach at least 1600 pps. 

The combination should yield a substantial increase in average power at 
0. 53u.    We hope to produce a minimum of 20 watts as compared with 
cur previous maximum of 7, 2 watts. 
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SECTION   VIII 

SUGGESTIONS FOR CsD2As04   CRYSTAL IMPROVEMENT 

The single item which would benefit this program the most but is beyond its 
scope would be a reduction in the absorption coefficient of CD*A at 1. Ob 
microns by an order of magnitude. 

A comparison of the optical transmission curves for deuterated Cs^AsOi 
and KD9PO4.  Figure 3-3  shows a substantially reduced cutoff for CsD2As04 

at both the ultraviolet and infrared ends of the visible spectrum.   The fact 
that ultraviolet transmission for a 1. 0 centimeter length of CsD2As04 Is 
reduced to 50% at 0. 24 microns may be an inerent feature of the arsenates 
versus the phosphates.    However, the pronounced dip near 0.      ^ns may 
be due to impurity contamination.   At the infrared end greater than t..uce the 
absorption at 1. 50 microns in CSD2ASO4 versus KD2P04 suggest that 
hydrogen contamination may be present; i.e., the CsD2As04 sample measured 
was not as fully deuterated as the KD2P04 sample measured.   In fac . It is 
quite probable that neither sample was fully deuterated.    Careful control of 
the growth parameters for both the tetragonal phosphates and arsenates is 
therefore imperative if repeatable results are to be ensured. 

Since CsD2As04 has been demonstrated to bu a highly important material for 
90 degree phase-matched optical frequency doubling of 1. 065 micron laser 
output, it is essential that everything possible be done to imProve

t/
ts ^P^1 

properties.    Dominating these properties presently is the absorption at both 
1  054 and 0. 533 microns, which miB t be reduced beyond the current state- 
of-the-art.   Also there are indications that sum-frequency generation may 
also pose an ultimate thermal limitation upon the material.    Since this sum 
frequency corresponds to a wavelength of 0. 355 microns, at the dip in the 
transmission curve referred to above,  it is important to know whether Indeed 
contamination due to growth additives or other chemical impurity is responsible. 

A review .f several factors influencing CsD2As04 single ^«tal growth is 
nreslnted below.    The ultimate aim of a program to improve CsD2Aso4 irom 
the ^ its optical properties would be to refine ^ «^ the «rowth 
oarameters to a logical and scientifi ally understood set of operating 
Sions. thereby removing many of the uncertainties which have kept 
crystal growing in the realm of a mysterious art. 
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First, the elimination of all chemical impurities from the starting materials 
is of utmost importance.    Since CsD2As04 is grown from an acid solution 
prepared from an admixture of CsAsOg in DAsOg,  there are very few initial 
ingredients to be checked for purity.    Careful control of the cesium salts 
should be possible by ordinary chemical preparation techniques.    Deuterated 
arsenic acid, derived from the reaction: 

AsoOr + D20 * 2 (DASO3) should be prepared in a dry Argon atmosphere 
to avoid any possibility of water vapor infiltration.    The DgO itself should be 
obtainable to better than 99. 7% purity from certified government sources. 

Second, the growth rate and starting temperature must be judiciously chosen 
to coincide with the degree of supersaturation both initially and at the end of 
the growth run.    Problems due to tapering of the crystal boules and the in- 
ability to sustain a uniform growth rate will adversely affect the optical quality 
of the finished crystals.   Although some experimenters have attempted to 
introduce trace impurities in order to counter such adverse effects, it is felt 
that a wiser choice would be to add nothing additional to the growth solution. 
Rather, a careful search should be made for a temperature regime over which 
a run could be successfully made without requiring additives.    The growth rate 
achievable under the conditions established above will be determined primarily 
by the starting temperature and pH factor under optimum supersaturation con- 
ditions.   Hopefully it will be fast enough to attain an economic yield within 
three to four months time.    Faster growth rates should be avoided since optical 
homogeneity will suffer if the growing speed is excessive. 

Third, thermal gradients and uneven stirring should be avoided since striae 
and optical index gradations will result.    Furthermore, the rotational speed 
of the crystals, if they are grown in a modified Holden apparatus, should not 
exceed that required to produce uniform growth along the principal Z-axis 
direction.    While some agitation is necessary, excess or uneven turbulence 
should be avoided.    The physical placement of the growth chamber should be in 
a room, preferable in a sub-basement location,  which will be subject to as 
little vibration and temperature fluctuation as possible.    Adequate fiber glass 
insulation and remote electronic temperature control would appear preferable. 
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Fourth,  consideration should be given to the preparation of "seed" material 
in the form of carefully prepared 0-degree Z-axis platelets.    It is imperative 
that all residual material be carefully removed from the seed faces to guaran- 
tee uniform "capping-over" as the growth is started.    Great care must be 
given to the rate of insertion and temperature of the seeds as they are being 
lowered into the growing nutrient bath. 

Lastly,  thorough attention to detail, both in preparation of the nutrient solu- 
tion and initiation of a growth run will require great patience on the part of the 
crystal grower.    The remainder of the run, lasting for several months, must 
be fully automated and should include the use of reliable methods of tempera- 
ture control and an emergency power source to avoid loss of the runs in the 
event of a local power failure. 
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Mode Locking a 
Nd:YAG Laser 
Inserting a modulated loss,element into a laser cavity generates 
highly stable subnanosecond pulses. Technique is also suited for 
second harmonic locking. 

Improvements in the output of 
Nd:YAG lasers have induced 

incentives for harnessing th;s power. One such 
techninue—mode locking—is particularly useful 
in building a source of coherent light for applica- 
tions in high data-rate communications, non- 
linear optics, and testing of high-speed photo- 
detectors. This technique can also be used to 
produce a mode-locked second harmonic of a YAG 
laser (0.53 microns) to produce a train of green 
light pulses for such applications as underwater 
communications. 

Mode locking creates a stable train of laser 
light pulses by modulating the internal loss of a 
laser at a frequency equal to the separation be- 
tween adjacent longitudinal modes. The modes 
lock together with fixed relative amplitudes gov- 
erned by the saturation of the active medium and 
with definite relative phases determined by the 
modulator. The laser converts its normal steady 
power output into a series of short pulses with 
a repetition frequency of r/2| (the frequency 
separation of adjacent longitj']inal modes for a 
laser cavity of length f). 

These pu ses arise from the Fourier superposi- 
tion of a large number of independent oscillating 
modes which have been forced to run with an 
exact harmonic and phase relationship. Figs, la 
and lb. 

How mode locking occurs 

A more physical way of viewing the creation 
of the pulsed train is by recalling that a con- 
tinuously pumped laser will always operate in 
equilibrium, with losses in the optical cavity at 
a minimum. Therefore by introducing a modu- 
lated loss element into the cavity. Fig. 2, the 
photons will "bunch up" and "sneak" through 
the modulator at maximum transmission. These 
pulses v/ill persist as long as the modulator driv- 
ing frequency is such that each pulse can make 
a "round trip" through the laser cavity or, c/2 (. 

The pulses will continue to decrease in width 

Dr.  James  H.   Boyden,   Director,   Laser  Products  Div. 
Holobeam, Inc., Paramus, N. J. 

until the spectral width broadens to such an 
extent that the amplifying bandpass of the laser 
medium is no longer adequate. The laser then 
settles into a condition where the loss due to a 
passage of finite width pulses through the loss 
modulator is just equal to the loss sustained in 
passing spectrally broadened signals through a 
bandpass amplifier. 

Loss modulation is obtained using Pockels cell 
or an acoustic diffraction cell within the cavity. 
In addition, loss can be introduced by modulating 
the phase of the optical signal within the laser 
cavity. Phase modulation causes an effective in- 
crease in the spectral wif'th and therefore intro- 
duces a modulated loss through interaction with 
the amplifier bandpass. 

Mode locking effectiveness 

Mode locking of a pulse, propagated through 
a laser cavity, can be examined by considering 
the relationship between the modulation and the 
atomic line width. Fig. 3. 

A Gaussian pulse with intial complex amplitude 
/,(/) =exp [-aP + j (w„t + ßt')]       (1) 

is passed through a laser medium whose transfer 
function is (written to maintain Gaussian form) : 
g(o>) 

^exp{a„L [1 - jTAo) - a)„) - TV^-Cü,,)
2
] } 

(2) 
The output pulse fait)  is delayed and broad- 

ened but still Gaussian. 
Passing this through the modulator, either a 

i. Cw laser output is displayed on the log scale of a 
spectrum analyzer; (a) represents normal output, (b) the 
mode locked output. Noise level is about 50 dB down. 

;; 
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phase modulator with a single pass phase delay 
of 

A(MO =Ssin (2 7rA/a,iai t)  , (3) 
or a loss modulator with single pass transmission 
results in 

r(0=exp[ 2 8fsin=(7rA/imi,I0] • (4) 
Assuming the pulse passes through at the ex- 
treme of the modulation, the pulse after the 
modulator is 

t,{t) =fAt) exp [ -/28(7rA/axtal ty)]   (5a) 
f,(t) =/.(0 exp [    2 8f (7rA/,lxlalO

,J]    (5b) 
Eq. 5a is for phase modulation  (PM), while 

Eq. 5b applies to amplitude modulation  (AM). 
If the pulse shape is the same after one com- 

plete round trip, including frequency chirp, then 
a™ «=• /3PM « TT (ö '2g0) "

JA/a atomic   (6a) 

Tp(PAf) = (2 |7( 2   a)  '/- «- 
[ (2 tn 2) • -• 77] (2g0 8)"'(1/A/,...,, A/,, .) "* 

(6b) 
where g0 — 2 a h = saturated midband laser 
gain, T,, = pulse width. 

Similary, 
«AM "" ir2(8{   2(/„)' - A/,,,,»: Aatomic 

(7a) 
/3AM= 0 

T„(AM) - [(2t'»2)''-' 77](2(7„ 8('),', 

(1   A/,,,.,, A/. .)"2 

These same relationships also apply to the laser 
operating at minimum loss. 

From   this   analysis,   several   general   scaling 
rules can be obtained: 

• For a given modulation index 8 or 6f, the 

(7b) 

Hl-R 
AT jflOtyl 

2. Mode locking of Nd:YAG laser is achiev d by intro- 
ducing a variable loss element which causes ,.ie photons 
to bunch-up into pulses and pass through the modulator 
at maximum transmission. 

pulse and amplitude modulation cases will have 
the c?me pulse width T,,. With pulse modulation, 
the locked spectrum of the laser, which is Gaus- 
sian, will have a bandwidth which will be larger 
by a factor of 1.4 because of the frequency chirp 
factor. 

• For a given laser gain and modulation index 
the pulse width will be proportional to the square 
root of the cavity length. 

• The pulse width is only weakly dependent 
upon the modulation index, 6f to the —1/4 power. 

Crystals produce phase modulation 

Phase modulation can be accomplished using 
an electro-optic modulator, usually lithium nio- 
bate or barium sodium niobate. The laser beam 
is propagated along the crystal's A or B axis and 
an electric field is impressed transverse to the 
beam. Typically a phase modulation index of 
approximately 0.1 results with 300 V across a 5 
mm x 5 mm x 20 mm crystal. One of the advan- 
tages of phase modulation is that the crystal can 
be uliilized along the same axis thrt is required 
for second harmonic generation. 

Excellent mode-locking of a cw Nd:YAG laser 
can be obtained by using a tunable oscillator and 
adjusting the driving frequency to agree with the 
cavity length. Also, it is possible to alternately 
select a fixed frequency and adjust the mirror 
spacing to correspond. 

Slow shifts in oscillator frequency and, more 
commonly, changes in effective cavity length due 
to thermal effects on the laser rod and laser 
support structure, will cause a gradual loss of 
resonance and a consequent increase in pulse 
width. It is therefore desirable to control the 
driving frequency of the mode-locking modulator 
using a reference derived from the laser itself. 
This can be accomplished by sensing the inter- 
mode beating with a high-speed photodetector 
and using this signal to control the mode-locking 
rf oscillator. The resultant mode-locking system 
is a closed-loop oscillator using the laser cavity 
as the basic reference. Fig. 4a. It automatically 
tracks changes in cavity geometry. 

In a phase modulation system. Fig. 4b, there 
is a phase ambiguity between the laser pulse 
train   and   the   modulator   driving   signal   since 

3. Optical cavity resonance frequencies showing rela- 
tionsnip between modulation and the atomic line width; 
(a) a„ =  2 nv =  2 n c/\ =  1.77 x  10,r' where c = 

(b) 

velocity of light and X = laser wavelength = 1.065 x 
IG4 cm; (b) average optical power output ■ f, f,* ■ 
|f,|2. 1/Afaxlni = 2 ifc = round trip through cavity. 



of residual reflections and optical interference 
effects in the laser cavity. Even small reflections 
from cavity elements can cause periodic enhance- 
ment of some of the longitudinal modes and in- 
crease the effective curvature of the gain profile 
at the atomic line center. This narrows the ef- 
fective value of the atomic line width and broad- 
ens the related pulse widths. 

Pulse width measurements of a mode-locked 
laser can be made in a variety of ways. The most 
accurate and unambiguous is with second har- 
monic generation techniques. When a continuous 
laser beam is passed through a non-linear crystal, 
such as barium sodium niobate or lithium iodate, 
and is converted into a mode-locked pulse train, 
the second harmonic power generated in the 
crystal increases by a ratio which is determined 
by the pulsewidth. If care is taken in accounting 
for the self-correlation which occurs between 
modes running with random phase in a normal 
cw laser, a rapid and precise, measurement of 
pulsewidth can be obtained from the ratio of the 
second harmonic powers. 

Another method for measuring pulsewidths is 
the use of a high speed photo diode such as an 
avalanche silicone detector and a sampling oscil- 
loscope. However, the limiting resolutions with 
this approach is about 100 picoseconds, a factor 
of 2-3 larger than the values which can be pro- 
duced ultimately with a cw Nd:YAG laser. 

It is conceptually possible to determine pulse- 
width by measuring the amplitudes and phases 
of the rf harmonics of the detected signal. In 
practice, however, this is very difficult. The 
amplitude of one or more of the high order har- 
monics, e.g., the 120th harmonic at 24 GHz of a 
200 MHz mode-locked laser signal, varies as the 
mode-locking parameters are changed. Measure- 
ments show that changes of no more than 3 dB 
occur at these high order harmonics, indicating 
excellent pulse shape stability. 

Other methods used for determining the effec- 
tiveness of mode locking include a rapid-scan 
Fabry-Perot spectrometer observation of the laser 
mode structure. A perfectly mode-locked home- 
geneous laser can have a Gaussian distribution 
of mode amplitude. Since the number of modes 
oscillating can exceed 100, it is not always pos- 
sible to resolve the modes when the free spectral 
range gives a complete envelope distribution. 
Spurious reflections are obvious as modulations 
of a smooth envelope. 

Mode locking at second harmonics 

One application of mode locking is to enhance 
and stabilize the second harmonic power extracted 
from a laser. In external cavities, second har- 
monic generation enhancements in green output 
of up to 30 to 1 have been observed with ratios 
of 10 or 15 to 1 being typical. 

Mode locking ic effective because the pulsations 
yield a lower loss operation of the laser than a 
purely cw mode. However, as a result of these 
pulsations, the enhancement in second harmonic 
output tends  to  suppress harmonic  pulsations. 

Here, the laser will find a regime for operation 
which yields the lowest overall loss. The mode- 
locked "pulses when generating a green power 
can have a larger width and correspondingly 
lower power than for the pure mode-locking case. 

Mode-locking loss modulation 

For conditions where the second harmonic gen- 
eration is weak with no significant change in pulse 
snape, or circulating power, the three average 
loss components are 

• Loss in transversing modulator: 

• Loss due to second harmonic generation 
T:,hg = 2KT(a   77)1  -'  (1/A/axial) 

• Loss due to finite line width 
Lr, =  (2'  -'   jr)^1'2«1'2  (l/A/alon,1C) 

where K = coupling coefficient due to nonlinear 
crystal 

P = one way circulating average power. 
Total loss (ignoring fixed components) : 

Lp — LM + LHIKJ + LJ..\T 

The laser will operate where the partial deriva- 
tive of total loss with respect to a is 

d Lr ö a = 0. 
which yields 

a_ 1 + [(2 7r,^P/.9o,,2](A/.„<„„n/A/„vi„i) 

The ratio of mode locked to normal (cw) second 
harmonic power is 

R = P,"'- P, 

IT"2 (8|!/2flf„) V* (A/aton.u./A/a.ui)'/ 

"1+   iW29o)1/2iP**v/P)    (A/atonnc/A/axi,,,)1'2 

If good nonlinear coupling is obtained, yielding 
green outputs with good conversion efficiency, the 
results must be modified to reflect a decrease in 
fundamental circulating power. This can produce 
a decrease in the effective enhancement ratio 
from an external value of 15:1 to a level of only 
2:1 or less. In the extreme case of a cw laser 
with very efficient conversion to the second har- 
monic, the mode locking can actually reduce this 
second-harmonic output. Measurement results 
prove this to be the case. To obtain more assist- 
ance from mode locking in increasing the green 
output requires mode locking with a high modu- 
lation index. However, the gain in performance 
is very slow compared with the practical difficul- 
ties of rf crystal overheating. Apparently, those 
laser-crystal combinations which are lossy and 
inefficient converter systems can be assisted 
greatly by mode locking. Mode locking can al- 
ways increase the effectiveness of harmonic gen- 
eration when the doubling crystal is external to 
the laser cavity. Q 
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MODE LOCKING continued 

pulses pass through the modualtor at extreme 
voltage points. This causes difficulties in sensing 
the first-order intermode beat frequency used to 
determine the driving frequency. A loss modula- 
tion system does not sutler from such ambiguity 
problems. It does tend, however, to excite natural 
relaxation oscillations in the cw laser. These 
oscillations cause fluctuations in amlpitude, ac- 
companied by damped oscillations at frequencies 
in tue 30 to 150 kHz range. 

A practical mode-locking system 

A mode-locking control system that has proven 
to be quite stable and effective, Fig. 5, consists 
of a krypton arc pumped Nd:YAG rod, 3 mm in 
diameter and 50 mm long. The cavity contains 
a polarizing element and an adjustable aperture 
to produce operation with the fundamental trans- 
verse mode. The phase modulator is a barium 
sodium niobate crystal (5 mm^cube) driven at 
the base by a tuned frequency stub with a 50 
ohm 5 W source at 200 MHz. The source consists 

PHOrOOETECTOR 

VARIABLE 
PHASE SHIFT       ' 

(a) | 

of a 5-W wideband transistor amplifier driven 
by a voltage controlled oscillator whose spurious 
outputs are maintained at least 60 to 70 dB be- 
low the primary signal. 

A one per cent transmitting mirror at the rear 
end of the laser samples a portion of the laser 
beam aimed at an avalanche photodiode with a 
characteristic gain-bandwidth oroduct of 80 GHz. 
The resultant amplified 400 MHz signal is com- 
pared in a phase detector with a 400 MHz com- 
parison signal derived by multiplying the output 
of the VCO by 2. The phase-detected output is 
amplified and is used to control the VCO. 

Initial locking is performed manually by ad- 
justing the bias on the VCO. Once the system is 
locked, it is maintained over a cavity length 
change of several megahertz, or about five per 
cent. Visual indication of lock is provided by a 
back-lit indicating pilot light and an easy-to-read 
phase level meter. A light indicates if AGC is 
adequate and system noise is minimal. Such a 
system produces pulse width on the order of 100 
ps and will maintain lock for as long as the laser 
is left on. 

To ensure the stability of the loop at the de- 
sired frequency, it is necessary to provide a vari- 
able phase adjustment. This adjustment, required 
during initial set-up, is obtained by sliding the 
photodetector on the optical rail or by changing 
the length of the cable betwen the photodetector 
and the modelocking electronics. Stable mode 
locking requires the phase shift vs frequency to 
be quite small over several megahertz. Therefore 
wideband amplifiers and filters are used. 

Precautions must be taken to avoid residual 
acoustic effects within the crystal modulator 
which can accidentally introduce excessive re- 
laxation oscillations. 

Practical mode-locking tips 

One of the most important considerations in a 
practical mode-locking system is the elimination 

MIXER 
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4 A simple mode locking system uses the laser itself as 
the oscillator, (a). Ambiguity in the phase relationship 
between the laser pulse train and the modulator driving 
signal that can occur In (a) is avoided in (b) by using 
the second harmonic of the output signal, 400 MHz 

5. Mode locking system, Holobeam Model 250, uses 
solid state components throughout. The 400 MHz signal 
received by the photodiode is passed through'a 10 MHz 
flat top filter, amplifier, AGC amplifier, another amplifier 
and then Is phase detected. 



Bench setup of the Holobeam laser Model 250 with the electronic control cabinet for 
mode-locking. The bottom insert shows the laser running free, and the top insert the 
mode-locked output. Comparison shows that spurious signal levels are down 60 db 

Functional specifications, Holobeam mode-locking system 

Operation 

Power output 

Frequency range 
(2% tuning range) 

Modulation type 

Wavelength 

Optical pulsewidth 

Laser medium 

Power input 

Fully automatic, closed loop 

3-5W, TEM00 

75-500 MHz (75, 100, 200 MHz standard, other frequencies opfonal 

Phase 

1.064 microns (0.0532 optional) 

Less than 150 picoseconds 

Nd:YAG 

208 Vac for the laser system, 120 Vac for the control electronics 

Non-locked power       40 watts, multimod? 

TM 
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